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INTRODUCTION 
The Physics Department at South Dakota State University has 
recently been able to expand its facilities for beta and gamma·ray 
spectroscopy. In the expansion two solid state detectors and a 
multichannel analyzer were acquired, along with a quantity of 
supporting electronics. 
In the first two chapters of this work much of the new spectro­
scopy equipment is examined in detail. The first chapter is devoted 
to th_e solid state detectors. A brief description of the operation 
and construction of the detectors is given, followed by a more 
detailed discussion of the capability of the lithi� drifted 
germanium detector. The second chapter describes the operation of 
several of the major electrical components, including the multi­
channel analyzer. In the second part of Chapter II, the experimental 
results from testing the capability of the basic spectroscopy system 
are reported. 
Chapter III considers possible applications of the present spectro­
scopy system to activation analysis. Initial steps to evaluate the 
feasibility of developing activation analysis into a useful analytical 
tool at S,D.S.U. are described. 
The progress of efforts to produce and identify an isotope of 
gadolinium with an atomic mass number 162 is reported in Chapter IV. 
Similar research to produce and identify a new isotope of ytterbium 
with atomic mass number 178 is also presented. 
CHAPI'ER I 
SEMICONDUm'OR RADIATION DErEal'ORS 
Theory of Operation 
The underlying principles of semiconductor p-n junction detectors 
are in large measure the same principles that are involved in a gas 
filled proportional counter. In the proportional counter when a 
particle is stopped, much of its energy is given up by causing ioniza­
_tion.of the gas. The resulting ionization is proportional to the 
energy of the stopped iarticle. The free charge created is swept out 
by an electric field, At the output of the counter, the collected 
charge causes a current pulse that is again proportional to the energy 
1 
of the stopped particle. 
The semiconductor detectors also collect charges·from ionization 
to prcxluce a current pulse that is proportional to the energy of 
the stopped radiation. The chief advantage of semiconductor 
2 
detectors lies in the fact that the energy required to cause ionization 
is much less.2 Because of the lower ionization energy, the stopped 
radiation will result in a greater number of ionization events. Since 
the ionization and subsequent charge collection are both statistical 
processes, the resulting current pulse at a given energy will be 
1R. L. Sproull, Mcxlern Physics, p, 569, John Wiley and Sons, Inc., 
New York, 1963. 
2 
C. A. Klein, I.E.E.E. Transactions on Nuclear Science, vol. 
NS-15 #3, 214, (1968 • 
subject to smaller percentage fluctuations. Smaller percentage 
fluctuations are ultimately reflected in a higher energy resolution. 
A semiconductor detector is essentially a p-n junction or semi­
conductor diode with a reverse bias applied. A p-n junction, as the 
name· suggests, is the region in which a p-type semiconductor material 
has a common boundary with an n-type semiconductor material. Both 
p-type and n-type semiconductors are crystals from group four of the 
periodic table, such as .silicon and germanium, with controlled 
impurity. For .the p-type semfconductor the impurity, for example 
· boron, co�es from group three of the periodic table. The boron atom 
has only three electrons with which to complete the tetrahedral struc­
ture of the crystal lattice. A positive hole is created. in the 
lattice when an electron is taken up from a "near-by" silicon atom to 
complete the tetrahedral structure about a boron atom. For the n-type 
material the impurity introduced is usually of group five, such as 
arsenic. The effect in this case is that the fifth electron, which 
is not required to complete the tetrahedral lattice structure, becomes 
loosely bound.3 
When there is no bias voltage applied, the electrons diffuse from 
the n-type into the p-type semiconductor, and the holes diffuse in the 
opposite direction. There will occur, because of this diffusion, a 
•negative space charge in the p-type semiconductor and corresponding 
3 
3c. Kittel, Introduction to Solid State Physics, p. 309, John Wiley 
and Sons, Inc. , New York, 1966. 
4 
positive space charge in the n-type semiconductor. This flow leaves 
·the region about the boundary depleted of majority carri-ers. When the 
p-n junction is reverse biased (that is, a higher potential is applied 
on the n-side of the junction than on the p-side), the depleted region 
remains essentially as an insulating region because of the lack of 
free carriers. The leakage current is primarily due to th�rmally 
produced electron hole pa.irs. 
When a quantum of radiation is· stopped in the depleted. region, its 
energy .is taken up by the creation of electron hole pairs and phonons 
. 'in the crystal lattice. The electric field in the depleted region 
will sweep out the electron hole p:iirs, The electrons will tend to 
drift toward the n-side of the junction and the holes toward the 
p-side. As in the proportional counter the collection of electron hole 
pairs will create a current pulse that is proportional to the energy 
5 
of the stopped quantumo 
Construction Method 
The operation of the semiconductor detectors described previously 
in this chapter is essentially applicable to any p�n junction, The 
volume, however, of any ordinary p-n junction is quite small, on the 
order of one cubic millimeter. Because the volume is small, it is 
4 G. M. Brown, Alan F. Clark and Philip R, Pluth, American Journal 
of Physics, vol. 31, 276, (1963). · · 
5R. T. Overman, Iaboratory Manual A, p, 2,1, Ortec Incorp, , Oak 
Ridge, Tennessee. 
6i<. G, McKay, Physical Review, vol, 76 #10, 1537, (1949), 
5 
improbable that an incident particle will give up all ·1ts energy in a 
sensitive region. Therefore, an ordinary p-n junction is impractical 
as a radiation detector. Before a solid state detector could become an 
effective tool, a means of obtaining large sensitive volumes had to be 
found. Lithium drifting has been quite effective in the production of 
large sensitive regions. It is used commercially to produce detectors 
with sensitive volumes as large as 30 to 50 cubic centimeters,? 
The large sensitive volumes, which must have essentially the 
intrinsic electrical properties of pure germanium, are obtained by 
_drifting lithium ions into a highly pure germanium crystal that has 
been doped with p-type material. Lithium is vacuum evaporated 
on to the surface of the p-type germanium, forming a p-n junction. 
The lithium forms a layer of n-type material, 100 to 500 microns 
in depth. The actual drifting process which forms a- compensated 
region, having properties of intrinsic germanium up to one centimeter 
8 
in depth, may now be started. 
The drifting process takes place when a reverse bias is applied 
to the p-n junction and the temperature is. sufficiently high, -15c0 9 
0 10 
_for germanium and 400C for silicon. The bias must be large enough 
to make the lithium ions mobile but not high enough to cause the p-n 
42, 
7R. T. Overman, op. cit., p. 1,12, 
8c. T. Ewan and A. J. Tavendale, Canadian Journal of Physics, vol. 
2286 , ( 1 964) • 
9
Ibid. 
10 
G. Dearnaley, Journal of Scientifl.c Instruments, vol. 43, 
869, ( 1 968) • 
junction to break down. The ions drift under the influence of.the 
··applied· field. 
In Figure 1-1, ND is the number of donor or n-type impurity atoms 
per cubic centimeter and N
A 
is the number of acceptor or p-type atoms 
per cubic centimeter. The application of the reverse bias causes an 
electrostatic field chiefly in the space charge region of the junction 
where N
A
� ND. The lithium donor atoms in the region of the_ space 
charge will tend to drift with the field, while the impurity 
acceptor atoms remain relatively unaffected. The drift will proceed 
when·the drift of donor atoms is greater than the diffusion in 
-�� 
the opposite direction. A decrease in ND will result in the region 
X < C. A corresponding increase will occur in region X > c. 
6 
If ND in the region X< C should fall below NA
' then the space 
charge would act in such a way as to decrease the fl-0w of donors from the 
deficient region and would cause an increased drift from higher donor 
concentration regions. This effect would persist until the donor 
deficient region was eliminated. By similar reasoning in the region 
X > C, ND will rise to the level NA
' but will.not exceed that level. 
The effect is illustrated in Figure 1-2 for X < C, _ND decreases toward 
N
A and for X > C the ND increases to NA. Diffusion from the zero 
field region supplies the atoms for the drifting process. The diffusion 
is also responsible for rounding of the N
A 
curve near a and b. In these 
regions the drift caused by the field is approximately equal to the 
flow resulting from diffusion. When the electric field Eis large, 
the boundary is rather sharp. When the gradient of ND is very steep 
r:a:l 
0 f .,_ ____________ _ X ---+ 
Figure 1-t. Impurity distribution after lithium diffusion. 
from Pell, J. App. Phys. vol. 31, 291 (1960). 
X-+ 
I 
� INTRINSIC 
Figure 1-2. Impurity distribution after ion drift. 
Pell, J. App. Phys. vol. 31, 291 (1960). 
7 
X > 11.-most growth of the intrinsic region occurs at c. 
The lithium drifting procedure can be used to produce detectors 
in both silicon and germanium. The silicon has been used primarily as 
a proton and beta detector. The germanium detectors have been used as 
gamma ray detectors because of the higher atomic number of germanium. 
The germanium has the disadvantage that it must be cooled. When 
the detector is not cooled, the highly mobile lithium atoms �rift out 
of the crystal destroying the �esired intrinsic region. Another 
importa:nt eff,ect of cooling is the reduction of thermally excited 
12 _electron hole pairs which add noise to the desired signal. A 
8 
0 
temperature of 150 K would be acceptable, but as a matter of convenience, 
0 
liquid nitrogen cryostats (77 K) are used for cooling detectors. A 
typical cryostat is shown schematically in Figure 1-J. 
Capabilities 
The lithium drifted p-n junction detector provides more than an 
order of magnitude improvement in energy resolution over Na(Tl)I 
sci�tillation detectors •
13 
The improvement in resolution is
. 
not the 
only difference between the two detection systems. Unfortunately, all 
11
E. M. Pell, Journal of Applied Physics, vol. 31, 291, (1960). 
12 
G. T. Ewan and A. J. Tavendale, loc. c1.t. 
13n. C. Camp, Applications and Optimization of the Lithium­
Drifted Germanium Detector, p. 25, University of California,. 
Livermore, California, 1967. 
Detector Window 
Detector 
Base 
Copper 
Cold Fin er 
Liquid 
Nitr.o en 
Teflon Cap 
Germanium 
Vacuum Re ion 
Dewar 
Figure 1-3, Liquid Nitrogen Cryostat and lit
hium drifted 
detector. 
9 
the differences between the detection systems cannot be regarded as 
improvements. In this section, however, it should become clear that 
the Ge(Li) detector system is far superior to the Na(Tl)I system 
for most purposes. 
Time Resolution 
The shape of the current puls� produced by the Ge(Li) detector 
10 
1s dependent on the position of the ionization caused by the absorption 
14 
of a photon. . If the ionization takes place chiefly near the "n" 
.·side of the intrinsic region the electrons have only a short distance 
to travel before they are collected, The holes, on the other hand, have 
to cross the entire intrinsic region, Making the assumption that the 
drift velocity of the holes is approximately equal to the drift 
velocity of the electrons,
15 it is obvious that the holes will be 
collected sometime later than the electrons. Should the ionization 
occur near the center of the intrinsic region, the holes and electrons 
would be collected at approximately the same time, From consideration 
of these two cases, it is apparent that there·will be a variety of 
pulse shapes generated by the detector. The pulse. shape and duration, 
which also varies, are of particular interest in coincident experiments 
and experiments where accidental summing may be a problem. 
14 
G. T. Ewan, R. L. Graham and I. K. Mackenzie, I. E. E. E. 
Transactions on Nuclear Science, vol. NS-13 #3, 297, (1966). 
15Ibid. 
11 
The following discussion will be restricted to open end coaxial 
. Ge(Li) detectors (see Figure 1-4 ). The restriction is imposed primarily 
because the experimental portion of this work employed a detector of 
this design. Under the assumption that the intrinsic region has a 
zero impurity concentration and is completely depleted, the el_ectric 
16 
field strength, E(R), for a cylindrical geometry is given by 
E(R) 
v· . -
R (1-1) 
where Vis the applied bias voltage,
. 
r
2 
the outer radius, r
1 
the 
inner radius of the depleted region and R locates the point of 
ionization. 
The product of electron mobility (y
e
) and the electric field 
strength gives the velocity of electrons following electron-hole pair 
creation. 
• R (1-2) 
For the Ge{Li) detector in use at South Dakota State University, 
which 
sheet 
is an Ortec model 8101-10, the manufacturer's specification 
indicates r
1 
= 5mm and r
2 
= 12mm. Thus, E(R) is 
E(R) = V !. = V 
1n(12/ 5) 
• 
R .875 
• 
R (1-3) 
16n. Poenaru, I.E.E.E. Transactions on Nuclear Science, vol. 
NS-14 #5, 1, (1967). 
. I 
I 29 mm 
P-TYPE CORE 
INTRINSIC 
REGION 
. 1. 
I 
• · I 
1 
I 
N-TYPE 
I.AYER 
o.8 mm 
25.6 mm 
Figure 1-4. Coaxial lithium drifted germanium detector 
in use at South Dakota State University. 
12 
T�e minimum field is at R = r
2
• When the maximum recommended 
voltage (1050 volts) is applied, the minimum field is found to be 
E(R) 11111 1050v 
.875 
• --1 = 1000 v/cm. 
1,2cm (1-4) 
The maximum field at R = r
1 
is 2800 V/cm. It has been found that for 
electric fields of approximately 1000 V/cm., the charge carriers 
13 
( ) 
. 7 
both holes and electrons reach a terminal velocity, v
t
, of 1.5 x 10 
17 
cm/sec.. Therefore, at higher fields the velocity is constant at this 
value. Since the detector can be operated at maximum voltage con­
tinuously-, there is no reason to explore other cases. 
The maximum distance that any hole or electron will have to 
.travel in a model 8101-10 is 0. 7 cm., which is the thickness of the 
intrinsic region. Therefore, the maximum collection time is less 
than 47 nanoseconds. If ionization were to be deposited at the center 
of t�e detector, the collection time would be on the order of 23 
nanoseconds. 
An argument will now be presented to describe the variety of 
pulse shapes that can result because of the location and distribution 
of the initial ionization. 
The charges induced at the detector output by the displace-
by
18 
ment of a hole from the creation site is given 
17
Ibid, 
18 
J. Pigneret, J. J. Samueli and Sarazim, I. E. E. E. Transactions 
on Nuclear Science, vol. NS-13 #3, 306, (1966). 
2 3 7 3? 3 �nnrrt-t n TU)'fJ!\. �TATE Ui;IVEBSITY LIBRARY 
d(AQ) er _
n_q  dR r
2
-r
1 
(1-5) 
Again assuming a field such that terminal velocity is reached and 
letting dR , one can write F.quation 1-5 as 
dt 
cs Vt 
Integrating yields 
d(AQ) 
nqvt 
r2-r1 
nq 
r
2
-r1 
t 
= 
nqvt 
r
2
-r
1 
dt 
(1-6) 
(1-7) 
where R is the distance from the crystal axis to the point of 
origin of the ionization. Evaluation for electrons-is similar: 
AQe 
= 
nqv
:t t t< (r2
-R)/vt 
r
2
-r
1 
> (r2-R)/v t 
(1-8) 
AQ = n9. (r2-R) 
t 
e r2-r1 
The total charge collected as a function of time is 
2nqv 
Q = 0. + Q = t t � e r
2
-r
1 
(1-9) 
14 
where t is less than both (R-r1)/vt 
and (r2-R)/vt• This function is 
linear between the discontinuities resulting from holes reaching the p 
core and electrons reaching the n layer, The total charge ultimately 
collected when t is greater than both �R-r1)/vt 
and (r2-R)/vt 
is 
15 
Q � nq 
r
2
-r
1 
. (1-10) 
The output current, which is just the time derivative of the 
charge, will be a step function with steps at the arrival times. 
So far, only_ionization at a point has.been considered. In the 
actual case the ionization resulting from the stopping of a_gamma ray 
will be distributed throughout a �olume in the crystal. A reasonable 
assumption for timing purposes is that ionization along the path of the 
19 
gamma ray ha-s uniform charge density e • The only pertinent dimension 
.· of the ionization volume is the spread in the radial direction "ft. .  If 
the ionization is initially between R and R +A, then 
= eA.(R-r1) 
r2
-r1 
• t 
ei 
+ _2_(_r_2_-r_1_)  
The comparable expressions for the electrons are 
• t 
19 
D. Poenaru, loc. cit. 
(1-12) 
(1-13) 
(1-14) 
(1-15) 
16 
(1-17) 
The total charge eventually collected. is 
(1-18) 
The equations for Qe(t) and %(t) show that the pulse .shape out of 
· the detector may have as many as four discontinuities. The time 
derivative of the charge is found to be linear with discontinuous 
steps, see figure 1-5. The minimum rise time for the current pulse 
resulting from charge distribution with the dimension i\ along the 
radius of the detector will be 
r2-r1 +A = t 
2vt 
(1-19) 
In this discussion the effect of both the electron and hole 
trapping during the collection process has been neglected. The 
trapping tends to broaden the charge distribution during the 
collection as well as reduce the total charge collected. Another 
effect not accounted for is that the preamplifier and bias supply 
combine with the detector capacitance to form an RC network that 
affects the pulse shape. Both of.these effects tend to further 
✓ T•✓T•th '\ 
� 
p::: 
.P::: 
8 
T • te +,1/v t 
TIME 
Figure 1-5. One of the possible current pulse that may be prod.uc� at the detector output, 
where t is the time of arrival time of the holes at the p-type core, t is 
the arr�val time of the electrons at the n-type layer,?\ length of the gharge 
distribution and vt the drift velocity of the electrons and holes, 
t,-a, 
....., 
18 
complicate the leading edge of the detector pulse. 
The nonuniform rise time of the output pulse may cause difficulties 
in fast coincidence experiments. In coincidence experiments 
tnvolving Na(Tl)I scintillation counters, the timing systems 
use the cross-over pick-off technique. The cross-over time corresponds 
to the time required. to reach one-half the pulse height. Such methods 
are adequate for scintillation systems because the pulse shape is con-
20 
stant. The effect of the varied wave forms for Ge{Li) detectors can 
be reduced by using coincidence systems that trigger on the leading 
·edge of ��e pulse. If the pick-off level is set at ten percent the 
charges have only to separate a distance equal to approximately ten 
percent of (r
2
-r
1
). Such a system proves to be successful because 
most events occur in a region where charge can separate by the 
. required amount without reaching the n or p layers.2J 
When ·such a system is employed with an Ortec Model 8101-10, 
time resolutions of 7 nanoseconds theoretically may be obtained. 
The 7 nanoseconds is the full width at half maximum (FWHM) of a 
22 
typical time distributions. 
20 
G. T. Ewan, R. L. Graham and I. K. Mackenzie, loc. cit. 
#3, 
21 H. L. Malm, I.E.E. E. Transactions on Nuclear Science, vol. NS-13 
306 , ( 1966 ) • 
22rnstruction Manual Germanium Detector-Cryostat Systems, 
Ortec Incorp., Oak Ridge, Tennessee. 
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Energy Resolution 
Th� Ge(Li) detector ' s  chief _advantage is its superior energy 
resolution. The actual energy resolution of the detector system 
depends on many factors. The term detector system is used to poi?t 
out that the resolution of the detection system is limited not only 
by the crystal. In large pa.rt, the resolution may be limited by the 
associated equipment used to examin� the output of the crystal. The 
most basic component of the system however is the detector. The 
rapid advances in the design of other components of the system makes 
the actual- energy resolution of a p-n junction of interest. The 
question of detector resolution may be regarded as two questions. The 
first deals with the resolution of an ideal or perfect Ge(Li) 
detector. The second, which naturally follows, is how does the 
detector differ from the ideal. 
An ideal detector is one in which all of the electron hole pairs 
created by stopping of a gamma ray photon are collected in such a 
way that they contribute to the current pulse from the detector. When 
a gamma ·ray photon is stopped in a detector there are several 
processes by which the energy is finally absorbed. The energy 
division between the competing processes is essentially statistical 
in nature. Because only one of the processes, ionization , is 
used to estimate the energy of the stopped photon , statistical 
fluctuations are to be expected in the output . The statistical 
fluctuations are related to a quantity known as the Fano 
factor.23 The Fano factor, F, may be defined by 
(1 -20 ) 
2 ·  
where � is the variance and N is the average number of electron 
hole pairs created at a :particular energy. The energy is related 
to N by 
N -=  E/f:_ (1 -21 ) 
where .E represents the average amount of energy dissi:pa.ted by the 
- · creation of a single electron hole pair and E is the energy of the 
stopped photon. 
20 
The Fano factor may be regarded as the ratio of the actual 
distribution ' s  variance to that of a Poisson distribution. For a 
Poisson distribution it can be shown that the distribution about N can 
be characterized by �{if and that the variance cr2 is N .  Therefore in 
the case of the Poisson distribution the Fano factor, F, would 
equal one. In the case of an ideal delta function the variance would 
be zero and the Fano factor would also be zero. For the distribution 
resulting from a real Ge(Li) detector the value of the Fano factor 
lies between these two extremes. 
In a theoretical treatment of the Fano factor, C. A. Klein 
took into account all processes that can absorb the energy of a 
23u.  Fano, Physical Review, vol. 72, 26, (1947 ). 
stopped photon. 24 The processes taken into account include· 
· ionization, phonons produced by both the initial ·photon and 
energetic ionization products, and the kinetic energy retained by the 
electron-hole pairs. Klein ' s  model, which is only a first order 
approximation, predicts a Fano factor of 0.12.  In addition it  is  
predicted that the Fano factor is  independent of photon energy. 
The predictions are in substantial agreement with experimental 
25 
evidence presented. by Bilger. Bilger ' s  best experimental value 
. + 
for the Fano factor is 0.129- .003. Bilger also found to a first 
_ .approximation that the Fano factor is independent of the energy 
of the stopped photon. 
The full width at half maximum FWHM for the pulse distribution 
resulting from the stopping of· mono-energetic photons is given by ; 
� 
FWHM = 2 . 355€11= 2. 355(FcE ) 2 (1-22) 
The FWHM is measured in electron volts . Since the value of the Fano 
factor is known, Equation 1 -22 is an expression for the resolution 
of an ideal detector. 
At the present time detector systems are commercially available 
that have warranteed energy resolution of 2. 5  keV FWHM at 1 . 33 
MeV. This system employs a FET (field effect transistor) 
preamplifier that is contained in the cooled portion of the detector. 
24c. A. Klein, loc . cit. 
2
5H. R .  Bilger, Physical Review , vol. 1 63, 238, ( 1967 ) . 
21 
Bilger ,- in his experiments, used a similar device which had a 
. + . . . 
resolution of 1 . 84-.004 keV FWHM at 1 . 33 MeV. At 1 . 33 MeV. the FWHM 
due to the Fano factor is approximately 1 .68 keV. Clearly the state 
of the art is rapidly approaching the limit of the detector itself. 
The high resolution provides greater accuracy in assigning 
energy values to gamma rays. The resolution also contributes to an 
improved peak to Compton ratio. The peak to Compton ratio �efers to 
the ratio of the number of co�nts in the full energy peak to the 
number of counts in the Compton background. (See Figure 1-6) The 
22 
_·Compton background results primarily from gamma rays that undergo 
Compton scattering events in which the scattered gammas escape from 
the detector. Energy is carried away with the escaping gamma ray and 
thus the energy recorded by the detector is less than the energy of the 
initial gamma ray. The shape of the distribution will be affected by 
the geometry of the detector, resulting in a sharp rise in the spectrum 
at an energy below that of the full energy peak. The rise is referred 
to as the Compton edge. (See Figure 1-6).  
The improved resolution results in a higher concentration of 
counts in the full energy peak. Because of the continuous nature of 
the background, it is essentially unchanged by improved resolution. The 
result is that the peak stands out higher above the background. 
This effect is of particular importance when peaks of low intensity 
and high intensity are present in the same source. If the higher 
intensity peak is also higher in energy, its Compton background will 
ti) 
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tend to cover up the low intensity peak, The improved resolution will 
make the low intensity peak more likely to stand out above the back­
ground. 
Detector E:fficiency 
As indicated before, the large intrinsic region obtained by 
lithium drifting is necessary if t�e efficiency of the :p-n junction 
is going to be great enough t9 make it an effective detection system. 
Volume . alone . is not the only parameter that governs the efficiency of 
. ·a junction. Of importance are the interaction cross section and 
· interaction mechanism of the junction material which determine the 
likelihood of an interaction once the radiation has entered the 
sensitive .volume of the detector. Also to be considered is the 
geometry of the sensitive region and the construction technique. 
The mechanisms of interaction for gamma rays and x-rays ·with 
matter are principally by photoelectric effect, Compton scattering 
26 
and pair prcx:luction . In a ph(?t,oelectric interaction the total 
energy of the gamma ray is given up by ejecting an electron from an 
absorber atom . Usually the electron will be from �n inner orbit, with 
excess energy being taken up by the kinetic energy of the ejected 
electron. Compton scattering is an elastic interaction between 
the photon and an atomic electron which has a binding energy that is 
2
6nearnaley and Northrop, Semiconductor Counters for Nuclear 
Radiations, p .  9-10, John Wiley and Sons, Inc . ,  New York, (1963). 
small compared -to that of the photon. In the Compton process the 
energy is shared between the scattered photon and a recoiling 
25 
electron. Pair production results in the creation of an electron 
positron pair. The resulting pair will have a kinetic energy equal to 
that of the original photon less the rest energies of the particles. 
The photoelectric absorption coefficient is roughly proportional 
to the fifth power of the absorbe�. The Compton absorption 
coefficient is proportional tp the' atomic number and the pair 
production coefficient to the square of the atomic number of the 
·absorber. Because of the absorption processes ' dependence on the 
atomic number, a junction of germanium (Z=J2) is superior to one of 
27 
silicon (Z=14) as a gamma ray detector. The absorption processes 
are also dependent on the energy of the incident radiation. The 
dependence is illustrated in Figure 1-7. The coefficient decreases 
with increased energy so that a given detector is less efficient for 
higher energy gamma rays. 
It is important to note th�t gamma rays initially interacting 
by either Compton scattering or pair production require secondary 
absorption in the depleted region for the event to be recorded in the 
full energy peak. In the Compton case the scattered photon must inter­
act further without escaping the intrinsic region. In pair production 
the gamma rays from the annihilation of the positron must be absorbed 
in the detector sensitive volume. It is also important that energetic 
27
Ibid., P• 1 1 -12 . 
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Figure 1-7 .  Partial and total absorption coefficient for 
gamma rays in germanium from Dearnaley and 
Northrop, Semiconductor Detectors for Nuclear 
Radiations, p. 14. 
electrons resulting from all three processes not escape. Due to 
27 
the requirement for secondary absorption in many cases, particularly 
at the highe·r energies, not only the volume of the sensitive region is 
important. The geometry of the detector will also greatly affect the 
detector efficiency. The thickness of the depleted region is most 
significant in this regard since it is usually the smallest dimension 
of the depleted region. The effect of increased efficiency with 
increased depletion depth is _clearly demonstrated in data taken by 
28 
Cline �ith � variety of volumes and geometries • 
. · . · · The "dead layer" resulting from the diffused n-type material on the 
surface may range from a few microns to a millimeter or more.
29 The 
"dead layer" is unavoidable ;  however, for coaxial type detectors the 
effect may be avoided by allowing the radiation to enter parallel to 
the axis. This approach avoids the "dead layer" because coaxial de­
tectors are constructed with the depleted region exposed on the ends. 
°In comparison to a 3" X 3" Na (Tl)I scintillation detector, the 
efficiency of currently available Ge (Li )  detectors is quite low. With 
a source distance of 25 cm. the ratio of counts in the full energy 
peaks, when comparing Ge (Li )  to Na (Tl )I  at 1.33 M�V., is not larger 
than 5%.30 
28J. E. Cline, I. E. E. E .  Transactions on Nuclear Science , vol , 
. NS-15 #3, 198, ( 1968 . 
29Ibid. 
30instruction Manual Germanium Detector-Cyrostat Systems, Ortec 
Incorp., Oak Ridge, Tennessee. 
CHAPI'ER II 
s .n. s .u .  EQUIPMENT CAPABILITY 
This chapter is primarily a detailed description of the equip­
ment presently available for gamma and beta ray spectroscopy at 
South Dakota State University. The first section of the chapter is 
devoted to a listing of the availa�le equipment, followed by a 
description of the primary operation modes of some of the major 
. . 
28 
com�onents . The second section of the chapter is concerned. with 
exploring · the experimental capability of the components and the overall 
capability of the system. 
F,quipment Description 
In the past year the Physics Department at South Dakota State 
University has increased both the variety and quantity of the avail­
able equipment for beta and gamma ray spectroscopy. The increase is 
primarily the result of an equipment grant from the U. S .  Atomic 
Energy Commi�sion and a matching grant from the State of South 
Dakota, The purpose of the grants was to provide equipment for 
department research and undergraduate laboratories. Table 2-1 
lists the major components acquired under the grants. Excluded from 
the table are several minor items that do not contribute directly 
to the capability of the system. 
There are several previously acquired instruments which are 
Table 2-1 
Unit Type Model 
Preamplifier 109A 
Preamplifier 118A 
Fast Coincidence 414A 
Gate & Delay Generator . . 416 
Universal Coincidence 418 
Single- Cha.nn-el Analyzer 420 
Linear Gate 426 
Delay Amplifier 427 
Detector Bias Supply 428 
Discriminator Scaler 429 
Active Filter Amplifier 43.5A 
Base Line Restorer 438 
High Voltage Supply 446 
Mechanical Timer 482 
Scaler 484 
Surface Barrier Detector Ba-30 
Germanium Detector 8101-10 
Oscilloscope 546 
. Pulse Height Analyzer 1,100 
Instrument Bin And Power Supply . 151 
Vacuum Tank 805 
No, 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
2 
1 
1 
1 
1 
, 1  
1 
1 
1 
3 
1 
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Manufacture 
Ortec 
O:rtec 
Ortec 
Ortec 
O:rtec 
Ortec 
Ortec 
Ortec 
Ortec 
Ortec 
Ortec 
Ortec 
Ortec 
Ortec 
Ortec 
Ortec 
Ortec 
Tektronix 
Nuclear Data 
Mech-Tronics 
Nuclear Corp, 
Ortec 
Table 2-1. Equipment purchased under grants from the Atomic Energy 
Commission and The State of South Dakota . 
compatible with the new equipment. In Table 2-2 there are listed 
several pieces of the older equipment that have been useful either 
directly or indirectly in performing the experimental pa.rt of this 
thesis. 
Operational Mod.es of Major Components 
JO 
The intent of this section is to describe the primary functions 
that may be performed with the various pieces of equipment. The inten­
tion is not to describe the details of the electrical circuits involved, 
From time_ to time, details of the circuit will be mentioned , but 
this is done only to clarify the method used to accomplish a 
particular function. 
Ortec Model 435 :  Active Filter Amplifier 
The Mod.el 435 accepts positive or negative inputs from a variety 
of preamplifiers. The maximum gain provided by the amplifier is 
1600 and is continuously adjustable. The linearity ls . 075% over the 
range of the amplifier (0 to 10 volts). The ·output is positive and 
31 
may be either bipolar or unipolar. A second output, that is 
delayed by 2 microseconds, provides only a positive unipolar output. 
The 435 also has a second input which is used in common with the 
31
A bipolar pulse is one that - goes positive and is followed 
immediately by an equal negative pulse. The advantage of this 
type pulse is that the zero crossover time, the time at which 
the voltage chanees from positive to negative, is independent 
of the pulse height. 
31 
Table 2-2 
Unit Type Model No. Manufacture 
Scintillation Detector DS-12 2 Technical 
{2" long X 2" dia.) Measurement 
Scintillation Detector DS-13 1 Technical 
(3" long X 3" dia.) Measurement 
Pulse Height Analyzer 101 1 Technical 
Measurement 
Mercury Switch Pulser N-183 1 Hamner 
Single Channel . Analyzer 1810 1 Nuclear Chicago 
Table 2-2 . Equipment obtained prior_ to equipment grant. 
normal input to provide noise cancellation. 32 
Ortec Model 420 : Single Channe.l Analyzer 
The purpose of the Single Channel Analyzer is to determine when 
a voltage pulse has a maximum amplitude that lies between two ad­
justable voltage levels. When the Model 420 encounters a pulse of 
the proper amplitude it generates a logic pulse (5 volts in· height 
and 500 nanoseconds long) at its output. 
The technique employed in the Model 420 involves the use of two 
transistorized voltage level discriminators. When the lower voltage 
level discriminator is exceeded the output circuit is enabled. The 
output pulse will be generated if the input pulse returns to zero 
without exceeding the upper voltage level discriminator. If the 
upper level discriminator is exceeded before the pulse returns to 
zero voltage, the output will be inhibited. 
When a bipolar pulse is used for the input signal the timing 
32 
feature of the Model 420 becomes useful. Because the zero crossover 
time of the bipolar pulse is independent of the pulse height, the time 
of the logic pulse will also be independent of the pulse height. 
Therefore, the output from the Single Channel Analyzer is dependent only 
on the arrival time of the pulse . This makes the analyzer suitable 
32Instruction Manual 435 Active Filter Amplifier, Ortec Incorp .,  
Oak Ridge, Tennessee. 
for timing work in coincidence experiments.
33 
Ortec Mod.el 414A: Fast Coincidence 
There are three coincidence inputs and one anticoincidence 
input available on the Mod.el 414A. The inputs make use of logic · 
pulses, which could be generated by equipment such as the Model 420 
Single Channel Analyzer. The Mod.el 414A generates a logic _pulse at 
its output if the leading edges of- the input pulses all occur within 
the r�solving time of the coincidence circuit. The resolving time is 
· full"y variable, fl,om 10  nanoseconds to 100 nanoseconds. For a 
particular experiment, if all the inputs are not required, then the 
extra inputs may be switched out of the circuit. 34 
Ortec Model 418: Universal Coincidences 
33 
The Model 418 and the Model 414A perform the same basic function. 
The most important difference is that the resolving time of the Model 
418 may be adjusted over the range of 1/1 0  microsecond to 2 microseconds. 
Fach of the five available inputs may be used in the coincidence 
mode, or in the anti-coincidence mode, or they may be removed from 
the circuit. 
35 
33Instruction Manual 420 Timing Single Channel Analyzer, Ortec 
Incorp., Oak Ridge, Tennessee. 
34Instruction Manual 414A Fast Coincidence, Ortec Incorp . ,  Oak 
Ridge, Tennessee. 
35rnstruction Manual 41 8 Universal Coincidences, Ortec Incorp. , 
Oak Ridge, Tennessee. 
Ortec Model 427 s Delay Amplifier 
The purpose of the Delay Amplifier is to provide a time delay 
for voltage pulses. The Model 427 may be used for linearly delaying 
a signal pulse in a coincidence experiment. The normal gain is 
unity and the delay time may be selected in increments of 0. 25 
microseconds to a maximum delay of 4.75 microseconds. Five front panel 
switches are used to select the delay. 
The circuit may acce¢., and process linearly a signal pulse from 
_ minus 10 to plus 10 volts. Over the range 0.1  to 10 volts the 
linearity. is ±o. 08%. + The delay tolerance is -5% but the difference 
in delays may cause variations in the gain from +10% to -2%. This 
last effect must be kept in mind when the pulse is analyzed follow­
ing the delay amplifier.36 
Ortec Model 438 :  Baseline Restorer 
The function of the Model 438 is to restore the undershoot of 
a nuclear pulse amplifier to a DC baseline prior to presenting the 
signal to an analyzer. The restoration of the baseline allows pre­
cision analysis of pulses at a much higher counting rate than would 
otherwise be possible. Restoration of the baseline effectively 
reduces the distortion caused by pulses falling on the tail of 
previous pulses . 
36rnstruction Manual 427 Delay Amplifier, Ortec Incorp. , Oak 
Ridge, Tennessee. 
The input ·may range from zero to ten volts positive for both 
bipolar and unipolar pulses. The output
. may be either positive or 
negative, as selected by a front panel switch . The output voltage 
may be selected in one of three ranges (0-JV, 0-6V, 0-10V ) . These 
ranges are also selected by means of a front panel switch.
37 
Ortec Model 426 : Linear Gate 
An input pulse will be transmitted without attenuation to the 
output · of the Model 426 when the circuit is properly enabled . A 
· positive �nput of 2 to 20 volts may be used to enable the circuit , 
The circuit will remain enabled for a period of o . J  microseconds to 
35 
4 microseconds. The actual time the circuit remains enabled is 
determined by a front panel adjustment . If the circuit is not enabled 
when a pulse arrives at the input it will be blocked - from reaching 
the output. 
A second mode in which the circuit may be operated is pulse inhibit 
or DC inhibit. When the �ircuit. is used in this mcxle it will normally 
pass all incoming signals, unless the inhibit· signal is present. 
The circuit is usually employed in coincidence experiments. It 
is used to allow only those pulses that are in coincidence with an 
38 
event of interest to reach the analyzer . 
37
Instruction Manual 438 Baseline Restorer, Ortec Incorp., 
Oak Ridge, Tennessee. 
38
rnstruction Manual 426 Linear Gate, Ortec Incorp . ,  Oak 
Ridge, Tennessee. 
Ortec Mod.el 416 : Gate and Delay Generator 
36 
Operation of the Model 416 requires a pulse from 2 volts to 100 
volts with a width _of 25 nanoseconds or greater, The output of the 
circuit is a logic pulse delayed. 1/10 of a microsecond to 11 microsec­
onds. The delay is fully adjustable over the range. There are two 
outputs, one positive and the other negative. The output pulse is 
variable in both height · and width,_ The width may be varied from 
o.4 microseconds to 4 mi�roseconds. The height may be varied from 
2 . 5- volts to fO volts , 
Because of the variable pulse delay, the circuit is particularly 
useful in coincidence experiments where it may be used to operate 
39 
a gate circuit. · 
Ortec Mod.el 8101-10 : Lithium Drifted Detector 
The Mod.el 8101-10 is a coaxial lithium-drifted germanium detector 
that operates as described in chapter one. The detailed specifica­
tions are : 
length 
drift depth 
outside diameter 
diffused. n layer depth 
total active volume 
total capacitance 
peak/Compton ratio 
measured total resolution 
(at 1331 keV.) 
29, 0 mm. 
7 
25,6 
o . a  
10 
29. 3 
7/1 
mm, · . 
mm. 
mm, 
cc . 
pf. 
3, 5  keV 
39Instruction Manual 416 Gate and Delay Generat or, Ortec Incorp.,  
Oak Ridge, Tennessee, 
40 
Data taken from quality assurance data supplied with Detector-
Cryostat Svstem Model 8101-10 serial number 7-111. 
Ortec Model Ba-OJ0-050-2000 : Surface Barrier Detector 
A surface barrier detector is another type of solid state 
detector �1th a large area p-n junction. · It consists of a thin 
37 
p-type layer on a wafer of high purity n-type silicon material. The 
two electrical contacts are accomplished by means of thin metallic 
coatings . Contact to the p-type surface is ma.de through a thin gold 
film of_ approximately 40 microgram� per square centimeter. Contact to 
the n-type material is made in a non-rectifying metal which is 
usually .of a thickness similar to that of the gold contact. A 
depleted �egion, which occurs in the n-type material, may be made to 
41 
extend through the entire wafer when the field is great enough • 
. The operation of the detector is essentially the same as the operation 
of the germanium detectors described in the first chapter . 
The surface barrier detector is used primarily for beta and 
alpha_ spectroscopy. The detector is operated at room temperature, 
but it must be operated in darkness because it is sensitive to light. 
The detector is normally operated in a vacuum to reduce the energy 
loss of the particles prior to reaching the detector. Detailed. 
42 
specifications are : 
41 R .  T. Overman, Laboratory Manua.1 A ,  p. 2. 1 ,  Ortec Incorp. ,  
. Oak Ridge, Tennessee. 
42
Instruction Manual Surface Barrier Detectors, Ortec Incorp. , 
Oak Ridge, Tennessee, 
active area 
sensitive thickness 
electrode thickness 
reverse current 
{at 350 volts) 
alpha resolution 
{at 5. 5 MeV.) 
noise width 
Au. 
Al. 
Nuclear Data Model 1100 : Analyzer System 
2 
� �. 
1985 micron2 40, 1 gm./cm� 
40,4 grn./cm. 
1, 0 micro amps 
22.2 keV. FWHM 
1J keV. FWHM 
The Model 1100 Analyzer ·system has two primary modes of 
operation. In - one mode it operates as a multichannel analyzer and 
perf'orms ·pulse height analysis. In the other mode it operates as 
a multichannel scaling device. 
When the 1100 is operated in the pulse height analysis mode, - it 
can classify voltage pulses that range in height from zero to 1 0  
volts. As many as 4096 pulse height classifica�ion; may be used, 
After an input pulse arrives at the input of the analyzer, it 
travels two parallel routes. On one route a check is performed to 
see that the pulse is in the acceptable voltage range for analysis. 
This check is accomplished by first testing the pulse to see if it is 
greater in height than the minimum voltage set_ by .the lower level dis­
criminator o If it pa.sses this test, it is then checked against the 
upper level discriminator to see if it exceeds the upper acceptable 
· 1evel 0 Both discriminators are adjustable over the range from 
zero to 10 volts 0 On the other path the pulse is passed down a delay 
line which is sufficiently long to permit the voltage level testing 
to be completed 0 If the two vol�age level tests are successfully 
passed, the actual analysis process is begun after the pulse has emerged 
39 
from the delay line . 
The actual analysis is performed by an Analog-to-Digital Converter 
(ADC) . Entry of a pulse into the ADC results in the generation of 
a pulse which has a time duration that is proportional to the height of 
the input pulse . The time proportional pulse is used to gate the 
memory address advance oscillator, The memory address regis�er is 
initially set at zero . When the address advance oscillator ·1s gated 
on, the memory address will begin to advance and continue to 
advance until the address advance oscillator is gated off. The 
· system is _set so that a 10 volt pulse will cause the generation of 
a gating pulse just long enough for - the memory address to advance 
to 4096, or the maximum address chosen. The maximum memory address or 
conversion gains may be set at values other than 4096 . These other 
values are 128 ,  2.56 , 512 ,  1024 , and 2048. 
When the address advance oscillator is gated off, the address 
number of a memory cell will be contained in the memory address 
register. The memory cell corresponding to the number conta_ined in the 
register will have one added to its contents . The memory presently in 
use with the system has only 512 memory cells. When conversion gains of 
1024 or greater are used the entire spectrum cannot be recorded at one 
time . To record the entire spectrum several trials are used , each 
time recording a different portion of the spectrum, The portion of the 
spectrum to be recorded is selected- by means of front P3,nel switches. 
When the analyzer system is used in the multichannel scaling 
mode each of the memory cells is used as a scaler. When the multi­
channel scaling cycle is initiated., all input pulses are recorded in 
channel one for the first time period-. After the first period has 
expired , the incoming pulses are recorded in the second memory cell, 
After the completion of the second time period, the input pulses . are 
counted in a third memory cell. This process is continued until 
all the memory cells have been utilized. The process will ·stop if 
·-
the single pass mode is being used. If the recurrent pass mode is 
used the procedure will be started again, starting with cell one. 
· The memo�y is not erased between the passes, 
Multiscaling is initiated by either a start pulse or the first 
pulse to .arrive at the input, The time period for counting in a 
cell (dwell time) is selectable over the range from 1/10 milli­
second to 800 milliseconds,
43 Multi-channel scalers are used to 
determine half-lives of short-lived isotopes, 
43series 1100 Analyzer System Instruction Manual, Nuclear Data 
Inc,, Palatine, Illinois , May, 1968, 
40 
Experimental capa.bility 
The experimental capability of the gamma. ray spectroscopy 
equipment will be explored in two parts. The first part is devoted 
to appraising the capabilities of only the pulse height analyzer. 
41 
In the second pa.rt the capabilities of the entire analysis system will 
be explored. 
Analyzer Performance 
There are ·  a number of important performance criteria for the 
pulse height analyzer. Because the analyzer may be used with a 
number of different detectors, the performance of the analyzer by 
itself should be determined. 
Integral Linearity 
One. of the fundamental considerations in any pulse height 
analyzer is the relationship between the amplitude of the input pulse 
and the channel to which it is assigned. A plot of pulse height 
versus channel number ideally should yield a straight line. When 
the plot deviates from a straight line there is a nonlinearity 
in the system. The measure commonly used to characterize the non­
linearity of a system is the integral linearity. The integral 
linearity is the ratio of the maximum deviation from the ideal 
. 
44 
line to the maximum voltage that can be analyzed. 
44n. F. Crouch and P. L. Heath , A. E. c .  Research and Development , 
ID0-16923, November 1, 1963 , P•  13-14. 
42 
The Nuclear Data Model 2200 Analog-to-Digital Converter specification 
indicates less than . • 075% deviation over the top 99% of full 
scale. 
The methcxl for testing linearity employs a voltage pulser 
that can be varied over the voltage range of the analyzer. The 
pulser used for testing in this laboratory is a mercury switch 
pulser produced by Hamner and Company. Unfortunately, the ·pulser 
.. 
represents an equipment limitation because it is linear only to 
±0 .1% and has an output v·o1tage of 5 volts maximum . The pulser 
· has a voltage range that is less than the range of the analyzer, 
and a linearity that is not as good as the linearity of the 
analyzer. Because of the difference in voltage range , the 
pulses are passed through an amplifier before being sampled by 
the analyzer. Using the amplifier permits the full voltage range 
to be checked ; however, the linearity problem is compounded because 
the nonlinearity of the amplifier is added to the system. Because 
of the nonlinearity of the test equipment , actually checking the 
analyzer to the limits of the specifications ·is precluded. A 
linearity check with the available _ test equipment will provide 
some degree of confidence in the equipment. 
The experimental procedure is to adjust the pulse height so 
.an equal number of counts are recorded in two neighboring channels. 
This assures that the pulser is adjusted to the edge of a channel . 
If this procedure is started with half the counts being recorded 
in the channel number one and the other half being recorded 
in channel number two, then the setting of the pulser for channel 
one-and-a-half has been determined. 
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The integral linearity is determined by selecting two data points ,  
one with a low channel number and the other with a high channel 
number. Next , the equation for the straight line passing through 
the points is determined. Then, using the equation for the straight 
line , .one can calculate the pulser setting for channels that have been 
. · determined experimentally. The difference between the experimental 
and calculated pulser settings is divided by the maximum pulser 
setting multiplied by 100% to determine the integral linearity. 
Data obtained using the method described above is displayed 
in Table 2-3 . The integral linearity of less than 0-. 6% is within 
the experimental accuracy of the equipment used. 
Differential Linearity 
The differential linearity of the 2200 Analog-to-Digital 
45 Converter is supposed to be less than 0.75%. The differential 
linearity of 0.75% is interpreted. to mean that the width of any 
one channel differs by no more than 3/4 of 1% from the width of 
45series 2200 Analog To Digital Converter Instruction Manual , 
Nuclear Data Inc. , Palatine , Illinois , February, 1968. 
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Table 2-3 
CHANNEL PULSER CALCULATED DIFFERENCE PERCENT 
NUMBER SErTING SEm'ING DIFFERENCE 
1 . 5 0. 090 0. 0964 0. 0064 0. 08% 
3. 5* 0 . 1 55 0 . 1 55 o . oo 0. 00% 
5 . 5  0. 21 5 0.2136 0. 001 0. 01% 
.58. 5 1.785 1.767 0. 018 0. 24% 
59 . 5  1.820 1.796 0, 014 0. 19% 
61 . 5  1.860 1.826 0. 034 o.46% 
123. 5 3.71 5 3.672 o. 043 0. 57% 
125. 5 3.770 3.731 0. 039 0. 52% 
182. 5 5. 395 5.402 0. 007 0. 09% 
184. 5 5.455 5.460 0. 005 0. 06% 
250 . 5* 7.395 7.395 0. 000 0. 00% 
251. 5 7.425 ?.424 0. 001 0. 01% 
�hese points used to det�rmine the equation for the straight line. 
Table 2-3. Integral linearity test results. 
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the average channel. 
The usual method for checking differential linearity is to use 
a sliding pulse generator, The output of a sliding pulse generator 
is a series of pulses that increase in amplitude linearly with time, 
The number of pulses recorded in each channel is a measure of 
the channel width . 
Unfortunately, there is no sl�ding pulse generator available 
at South Dakota State University. However, an alternate method of 
determining the differential linearity may be employed, The method 
·essentially involves taking a channel profile over the range of the 
analyzer. The experimental determination of the channel profile is 
a laborious process and therefore, is impractical to do for every 
channel. A rough check of the differential linearity can be obtained 
by comparing the channel profiles of several channels distributed 
over the range of the analyzer, 
The channel profile is obtained by first ad justing the pulser 's 
input to the analyzer so that all the counts fall into one channel, 
After counting for some predetermined time, the number of counts in 
that channel is recorded, After clearing the memory, the pulser is 
then adjusted slightly upward and the procedure is repeated, Eventually, 
all the counts will not be recorded in the original channel ; a few 
� 
D. F .  Crouch and P .  L. Heath, .2.£• cit., 15 . 
will be recorded in the next channel. Continuing on, all counts will 
soon be counted in the channel one above the original, If the 
number of counts in each channel is plotted against the pulser setting, 
a channel profile is obtained as shown in Figure 2-1, The channel 
edge is considered the point at which an equal number of counts is 
being recorded in two neighboring channels, 
The data for the differential . linearity test were taken with a 
conversion gain of 128 channeis. This conversion gain was chosen so 
that each channel would represent the largest possible voltage 
range. Due to the . relatively coarse adjustment on the pulser this 
was necessary , 
The data displayed in Table 2-4 indicate that the analyzer 's  
differential linearity is better than 5%, The pulser ' s  pulse height 
controls are quite coarse in calibration, The finest calibration 
on the pulse height control represents 5% of the channel width, The 
only thing that may be concluded from this data is that the differ­
ential linearity is 5% or better, It is interesting to note that the 
channel transition is less than 10% of the channel width, 
Multichannel Scaling 
To verify the multichannel scaling feature of the analyzer, the 
110 
system was used to determine the 24 second half-life of . Ag • The 
110 
silver which was activated to obtain the Ag isotope was natural 
107 109 
silver ; therefore, it contained Ag and Ag in approximately 
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Figure 2-1. Channel profile for the 128 conversion gain of Nuclear Data Multichannel 
analyzer. 
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Table 2-4 
PULSER NUMBER OF COUNTS Channel PUISER · NUMBER OF COUNTS 
SErTING IN CHANNEL NUMBER Width SErrING IN CHANNEL NUMBER 
3 4 5 6 7 · 40 41 42 43 44 
0.91 .541 0 0 0 0 B . 65 540 0 0 0 0 
0 ,92 188 352 0 0 0 -------- 8 , 66 25 515 0 0 0 
0 ,93 0 541 0 0 0 Ch. 4 8.67 0 . 540 0 0 0 
1.12 0 _541 0 0 0 0 , 21 8. 85 0 540 0 0 0 
1.13 0 534 7 0 0 --------- 8 , 86 0 540 1 0 0 
1.14 0 0 _541 0 0 Ch. 5 8. 87 . o - 0 .541 0 0 
1.32 0 0 541 0 0 0. 20 9.06 0 0 541 0 0 
1. 33 0 0 448 93 0 -------- 9.07 0 0 . · 538 2 0 
1 . 34 0 0 0 541 0 Ch , 6 9.08 0 d 0 540 0 
1.53 0 0 0 541 0 0.21 9. 26 0 0 0 .541 0 
1. _54 0 0 0 1 17 423 -------- 9 , 27 0 0 0 321 220 
1.55 0 0 0 0 _541 9 , 28 0 0 0 0 540 
Table 2-4, Differen�ial linearity, Channel widths are given in terms of pulser dial 
settings , 
Channel 
Width 
---------
Ch. 41 
0. 20 --------
Ch, 42 
· 0. 21 --------
Ch , 43 
0. 20 --------
� 
CX) 
equal abundance. Because of the _presence of the . two isotopes, two 
active species result from irra�iation with thermal neutrons, Ag
1 08 
1 10  1 08 . . and Ag ._ The Ag , which constitutes an interfering activity, has 
a halflife of 2.4 minutes. To minimize the interference from Ag
1 08 
the sample was irradiated for approximately twenty seconds. 
The test was performed with a three inch by three inch Na(Tl)I  
detector because of its greater efticiency. The data used in 
Figure 2-2 are the result of four irradiations. The actual data 
poi�ts shown are the sum of four channels, each with a dwell time of 
o. 8 seconds. The half-life of Ag
1 10 
was found to be 24. J seconds, 
which is in agreement with the published half-life of 24. 4 seconds.
47 
Live Timer Accuracy 
The Nuclear Data Multichannel Analyzer has a timer that permits 
the analyzer to accumulate data for a predetermined period of time. 
The time period is selectable over a range from 1 0 seconds to 800, 000 
seconds. One of two time bases may be selected, live time or clock 
time. When the timer is operated in the clock timer mode, it is 
essentially an elapsed time device. In the live time mode, only the 
time spent waiting for an input contributes to the time period. Time 
spent analyzing an input does not contribute to the time period, 
because the analyzer cannot accept another input during the analysis 
47c. M. Lederer, J. M .  Hollander and I .  PerJ. man, Table of 
Isotopes, p. 54, John Wiley and Sons, New York, 1967 .  
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V\ 
0 
. process. 
The live time mode is the more important of the two modes . Its 
importance is that it permits a valid comrarison of relative source 
intensity . The comparison should be valid regardless of gain 
(energy per channel) or interfering activities . 
The accuracy of the live time mode was checked by comparing the 
60 number of counts recorded in the 1 � 33 MeV . peak of Co under various 
live time conditions . The source position was fixed throughout the 
test _ and the counting period was held constant at 200 seconds . The 
137 live time · was varied by introducing a strong Cs source . Because 
51 
. 662 MeV. is the energy of the only gamma ray resulting from the decay 
of cs
1 37, the background in the energy range of the co
60 
peak is 
effectively unchanged . The percent live time was read directly from a 
meter that is pa.rt of the analyzer itself . 
In Figure 2-3, the number of counts recorded in the co
60 
peak is 
plotted against the percent live time. For live times as low as 
40% the error is only 15%, based on the counts recorded at 99'/i 
live time being correct . For percent live times greater than 75%, 
the error is less than 4-½% (See Table 2-5) . The results are within the 
expected operating tolerance of the analyzer. When precise measure­
ments are required, the live time should be maintained at the 
highest practical level . 
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Figure 2-3 .  Live timer test data showing the effect of 
increased live time timer accuracy. 
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Table 2-5 
% live time Counts in ;eeak 
99 7167 
90 7066 
80 71 03 
75 6840 
70 6875 
60 6548 
50 6307 
40 6092 
Table 2-5. Live timer test results . 
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% error 
0 
2. 3 
2 .0  
4. 5 
4 .6  
B .6  
12 
1 5  
Overall System Performance 
Before. undertaking any work in gamma ray spectroscopy, one must 
understand the capabilities of the system that is to be employed. 
There are several things of fundamental importance that must be 
known before any estimate of the accuracy of any given experiment 
can be made. The energy resolution is of primary interest. Equally 
important is the linearity of the system. If the system has serious 
nonlinearities, the problem of energy calibration is greatly com­
pli�ated. The · calibration stability of the system is also an important 
iarameter - in all experiments, especially for experiments that extend 
over long periods of time . 
The questions of energy resolution, linearity and stability 
are explored in the following pages. An experimental look is taken 
at each of the questions. The experimental results are presented in 
graphs a¢ in tables as appropriate. 
The energy resolution of a system may be affected. by a variety 
of parameters. The majority of the iarameters are fixed by . the 
design of the system 's  components ; therefore, they can not be 
varied. There are some parameters that will naturally vary in a given 
experiment or that can be made to vary by the experimenter. Three 
of these parameters are examined in this section, namely the detector 
bias voltage , the count rate and the energy of the radiation. 
Energy Resolution as a Function of Voltage 
As noted in the first chapter, the resolution of a Ge(Li) 
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Figure 2-4. Block diagram for a typical gamma ray spectroscopy experi­
ment. 
3 
2 
RESOLUTION AS A FUNGI'ION 
OF DEI'ECTOR VOLTAGE 
FOR THE 122 keV PF.AK OF Co5? 
Figure 2-5 . Energy resolution measured at 122 keV as a function of 
detector bias voltage , with contributions to the FWHM 
due to the Fano Factor and amplifier noise removed. 
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10 
8 
RESOLUTION AS A FUNCTION 
OF DErECTOR VOLTAGE 
FOR THE 1 ,33 MeV PEAK OF co
60 
Figure 2-6. Energy resolution measured at 1,33 MeV as a function of · 
detector bias voltage, with contributions to the FWHM 
due to the Fano Factor and amplifier noise removed , 
58 
essentially zero. The contribution to the FWHM for the 1 � 33 MeV 
peak at 1050 volts from sources other than ones corrected for is 
0 .29 keV. The uncorrected. resolution at 1 . 33 MeV is 3. 38 keV. 
From the data , it can be concluded. that the effect of hole 
trapping and recombination of electron hole pairs does not 
contribute significantly to the observed FWHM. The data also 
indicate that there would be little , if anything, to be gained by 
exceeding the manufacturer 's �ecommend.ed voltage values. 
Energy · Resolution as a Function of Count Rate 
If a pulse follows so closely in time after the previous pulse 
that the DC level of the analyzer system has not yet returned to zero , 
the pulse will be changed in amplitude. The change may be in either 
direction , depending on the state of the electronics. When the count 
rate ls such that there is a high likelihood of two events so closely 
spaced that the second one 's  amplitude is affected , the resolution 
of the system will be adversely affected. 
The effect of the count rate on the resolution of the detection 
system was demonstrated by evaluating the FWHM for several different 
60 counting rates. The 1 . 33 MeV gamma ray peak of Co was used 
for the comparison. The count rate was augmented by introducing 
cs
1 37• The result of the test is shown in Figure 2-7. In the 
figure it may be seen that the peak_ is substantially broadened at 
the higher counting rate and that there is a significant amount of 
59 
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Figure 2-7 • The effect of count rate on the energy resolution 
'Of the 1 0  cm.3 Ge (Li) detector , measured at 1 . 33 MeV 
using an energy calibration of approximat ely 1 . 5 keV/ 
channel. 
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low ene_rgy tailing. The counting rates necessary to produce such 
effects are extremely high for most applications. Therefore, the 
loss of resolution with count rate should not present a significant 
problem for applications anticipated for the system. 
Energy Resolution as a Function of Gamma Ray Energy 
In the first chapter it was shown that FWHM for mono-energetic 
gamma rays being detected in · a perfect detector is given bys 
. 
. .1 
FWHM a 2 .355 (FEE) 2 
where F is the Fano factor, C is the average energy per electron 
hole pair, and E is the energy of the stopped gamma ray. In a 
detection system that is not perfect, in other _words a real system, 
there are a number of other phenomena that also can affect the 
relationship between energy and resolution. 
Rather than try to separate the different effects by the 
. construction of models for the phenomena involved, it is more 
convenient and useful to obtain experimental information about the 
relationship. To obtain the information the Ge(Li) detector was 
set up as shown in · figure 2-4. Using the conversion gain 4096 , the 
gain was set for 0. 5 keV. per channel. The experimental results 
· are display_�d in figure 2-8. 
The information contained in figure 2-8 may be useful in two 
ways. First, it may be used as a standard to judge whether or not 
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RESOLUTION AS A FUNCTION 
OF GAMMA RAY ENERGY 
2 1-----L----"'------A----..1---��---��----:---:---
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GAMMA RAY ENERGY (keV ) 
Figure 2-8 . Energy resolution 10  cm3 coaxial Lithium drifted Germanium 
detector as a function of gamma ray energy. °' 
N 
the system is · operating at or near its optimum capability , Second, 
knowledge of the resolution will facilitate the detection of cases 
where there are two photon peaks in the spectrum so close in energy 
that they are not resolved as two peaks , 
Calibration Stability 
The stability of the system was checked by simply establishing 
a calibration for the system · and observing the drift from the 
original calibration over a period of time , The system calibration 
was cheq�ed for gain drifts and energy shifts , The test 
extended over four days. In this period the energy shift 
was less than 1 keV and the gain shift was less than 0 , 05%, 
Calibration of the system was over the range of O to 2 MeV , 
Therefore, the shift of 1 keV represents, a shift of less than 
0 ,05% of full scale. 
System Linearity 
To test the overall linearity of the tletection system an 
integral linearity test, as described earlier in this chapter, was 
performed with gamma rays instead of voltage pulses , The system 
was configured as shown in Figure 2-4 and calibrated for 1 keV 
. per channel. The calibration was based on having the 122 keV peak 
of co57 in channel 1 22 and 1836 keV peak of Y
88 
in channel 1 836 , 
The two calibration peaks were used to define the line of linearity 
from which the deviations were measured , 
63 
The deviation from the line of linearity at the energies tested 
is given in Table 2-6, As indicated in the table, maximum deviation 
from the line of linearity is 0,1%. Linearity of this kind is 
satisfactory for energy assignment in most spectroscopy applications, 
Should higher degrees of accuracy be required , calibration of the 
system with gamma ray peaks in the energy range of interest can 
result in significant improvement·. 
64 
/ 
Table 2-6 
-
GAMMA ACCEPI'ED ..... EXPERIMENTAL- DEVIATION 
RAY GAMMA RAY GAMMA RAY FROM 
SOURCE ENERGY ENERGY CALIBRATION 
(keV) (keV ) ( keV) 
Co57 1 22
b 
1 22 o . o  
Na
22 
511 512.5  1.5  
. Cs1 37 661 . 5 663. 5 2. 0 
Mn54 835 . 837 2.0  
. 207 
· Bi 1 063.5  1065. 5 . 2. 0 
Co 
60· -
1173 1175 2. 0 
Co
60 
1 332. 5  1 334 1 . 5  
Sb
1 24  
1 691 1 691. 5  0 . 5  
y88 1 836 
b 
1 836 o . o  -
a 
Energy given to nearest half keV. 
b
1 22 keV and 1836 keV used as bases for calibration. 
Table 2-6. Results of system linearity test. 
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PERCENT 
NONLINEARITY 
o . oo 
0. 08 
0. 1 0 
0.1 0 
0.1 0 
0.1 0 
0. 08 
0. 03 
o .oo 
CHAPI'ER III 
ACTIVATION ANALYSIS 
A Description of Activation Analysis 
The concept of neutron activation for analytical purposes was 
48, 49 
first suggested in 1936 by Hevsey and Levi. At the time it 
was not an effective method of analysis because of neutron source 
limitation as well as limitations of spectral analysis systems. In 
intervening years numerous improvements in both sources and analysis 
systems have been made. Today in many areas, activation analysis 
is a highly useful tool. 
There are two primary techniques for activation. One employs 
fast neutrons ; the other employs thermal neutrons. The methcxl 
used is determined chiefly by the nature of the elements under 
investigation. 
50 
The analysis of the activated material may be divided into two 
categories. The simpler of the two categori_es is the one in which 
the activated material is analyzed without any separation following 
activation. This technique is often referred to as instrumental 
analysis. The alternate technique involves chemical sep:tration 
48ttevesy and Levi., Sleskab �tfys . Meda . ,  vol, 14, 5, (1936 ). 
49w . w .  Meinke, Science, vol . 121, 177, (1955 ). 
50v p c i Pr I Nuclear Ener Series IX Anal ical • • u nn, =-=...:;.oJ.F.;;;.e�s�s�_n ______ __,, _________..._ ____ _.;;. 
Chemistry, vol. 4, 80, 1 965 . 
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following the activation and is referred. to as radiochemical 
separation. Separation techniques provide a greater �a�bility 
to find trace elements, when there is a large amount of interfering 
activity. Separation has the distinct disadvantage of requiring 
more complicated equipment and extra time-consuming steps. The 
instrumental approach has the advantage of greater simplicity 
and more rapid analysis. The rapid analysis makes it possible to 
use very short-lived activities for analysis. There is also the 
advantage that the instrumental technique is nondestructive to the 
object b�ing analyzed. 
67 
Due to the relative simplicity of the system and the availability 
of high resolution detectors, the instrumental approach seems to 
best fit the conditions at South Dakota State University. 
The procedure involved in activation analysis is basically a 
two step operation. The material to be analyzed is exposed to a 
neutron source for an appropriate amount of time. Following the 
activation by the neutron source, the material is examined .with a 
radiation detector. The length of time used . for activation is 
determined by the half-life of the element being investigated. 
The object in adjusting the irradiation time is to obtain the largest 
possible ratio between the activity of interest and other inter­
fering activities. 
When the activity of interest· is relatively long-lived_ compared 
to the interfering activities, long irradiation periods are employed 
followed by a cooling off period. During the c.ooling · off pericxl 
the short-lived materials tend to decay more rapidly than the long­
lived materia1. 5
1 
The intensity of activity resulting from the exposure of a 
sample to thermal neutrons is a function of several parameters. 
The activity A
0 
at the termination of exposure to a thermal neutron 
, 52 source is given by : 
A
0 
-= Nf.0- [t-exp(-0.69Jt/T )] (J-1 ) 
N is the- number of target nuclei, f is the rieutron flux in neutrons 
-1 -2 
sec. cm. , and q- is the thermal neutron capture cross section in 
68 
barns. The quantity [t -exp(-0, 69Jt/ r � is the saturation factor which 
describes the build up of activity, t is the time of exposure ·to the 
neutron source, and 7 is the half-life. When t>> , the saturation 
factor effectively approaches one, which implies A
0 
has obtained its . 
53 
maximum value. 
After having activated the sample to optimize the activity of 
interest with respect to other probable activities, the sample must 
be analyzed. The method ·of analysis employed most frequently is · 
51v .  P .  Guinn and C .  D. Wagner, Analytical Chemistry, vol . 32 , 
31 7 , ( 1960 ) • 
52c. w. Tittle, Technical Bulletin No. 1 3 , Nuclear-Chicago, 
Chicago, Illinois, 1964. 
5Jv . P. Guinn and C. D .  Wagner, loc. cit . 
gamma ray spectroscopy. For qualitative analysis the process 
consists of obtaining the gamma ray spectrum of the sample and 
identifying the peaks with particular isotopes ,. The identification 
should be done with regard to energy and relative intensity. 
When results _of a quantitative nature are desired, the problem 
is somewhat more complicated. The sample has to be identifted 
qualitatively first. Then estimates of absolute source intensity 
69 
must be made. The estimate requires detailed knowledge of the efficiency 
of the detection system. Once the identity of the isotope and the 
intensity of its activity are known, F4uation 3-1 may be used to 
determine the quantity of the element present. To make the 
determination, detailed knowledge of the neutron flux used in 
the activation must be available. Accurate knowledge of the 
absolute efficiency and the neutron flux is difficult to obtain and 
susceptible to significant changes. Because of the need for accuracy, 
frequent, careful, calibrations of the system are required. 
An alternate approach to the problem of quantitative analysis 
is one that employs comparisons with standard samples. In this 
procedure, a sample containing a known quantity of the element of 
interest is irradiated under conditions as close as possible to 
those for the irradiation of the unknown sample. The spectra for 
· both known and unknown are obtained. using identical techniques. The 
quantity of sample present in the unknown may then be obtained by 
70 
comparing the ·number of counts in corresponding peaks of the two spectra. 
When using this method, special care must be exercised in preparing 
the standard. Attention should be given to make the known sample 
behave as the unknown. If there is likely to be attenuation of 
the neutron flux by the unknown sample , the known should have similar 
attenuation properties. A similar consideration should be given to 
the possible gamma ray self-attentlation. 54 
The second of the two analytical methods seems most practical for 
laboratories that use their equipment for a variety of functions. 
· The second method does not require the extensive calibration that is 
required by the first method. Because less calibration is required, 
the equipment is more readily available for other functions. The 
accuracy of the second method can be improved by successive analysis , 
The improvement can be realized by producing known samples more like the 
unknown as information about the unknown is determined� 
The Experimental Situation At S.D. s.u. 
Most applications of activation analysis are concerned with the 
detection of small quantities of elements , often in the range of a 
few parts per million. Because of the small quantities of interest, 
the intensity of the activated sample is frequently very low , From 
F,quation 3-1 it can be seen that the initial activity i_s directly 
54v .  P. Guinn and c . D. Wagner , loc. cit. 
proportional to the neutron flux, Thus, the neutron flux forms a 
fundamental limitation on the size of minimum detectable samples , 
71 
The neutron source intensity is not the only limitation. The 
efficiency of the detection system also has a direct effect. The 
efficiency is usually much less than one, and the lower the efficiency 
the larger the minimum sample size must be , 
At this point, what is meant by minimum detectable sample should 
be clarified. A detectable ·sample may be defined as having enough 
intensity s·o that the spe.ctrum is sufficiently above the background 
to permit positive identification of the source. This does not 
necessarily mean that all the peaks in a spectrum need be recognizable, 
but only enough to identify the element unambiguously. 
There are a variety of neutron sources available today, As 
has been indicated, a copious supply of neutrons is desirable, 
The most intense source of neutrons may be obtained at large re-
14 
search reactors , At such reactors, fluxes on the order of 10 
neutrons/cm,
2 
sec , are availaple. Such reactors, however, are not 
readily available to most people interested in using activation 
analysis , The neutron generator, in recent · years·, has established 
itself as a practical neutron source for activation analysis. A 
neutron generator is a light-weight, positive ion accelerator that 
bombards a target to produce neutrons. 
11 2 
on the order of 10 neutrons/cm, sec, 
is not prohibitive in many applicatlons. 
Yields from such devices are 
I 
The cost of a neutron generator 
It may be used for both 
fast neutron and thermal neutron activation , Unfortunately, they do  
not have long term flux stability and therefore, they are undesirable 
for activating materials with long half-lives. 55 
Currently at South Dakota State University, five Plutonium­
Beryllium·neutron sources are available, Their combined intensity 
is approximately 5 curies of Plutonium, which provides about 
107 neutrons/second . They can provide a maximum flux on the order 
72 
of 10
5 
neutrons/cm.
2 
sec, Becau�e of the relatively low intensity avail-
able, the minimum quantities. detectable will be several ord.ers · of 
magnitude larger than what has been obtained in other laboratories. 
This limitation does not preclude the performance of some useful 
analyses. 
The neutron flux does not solely determine the initial activity 
of a sample . The activity is also proportional to the interaction 
cross section, as indicated by F,quation 3-1 . Not app:3.rent in 
F,quation (3-1 ) is that the half-life of the isotope of interest 
has an· effect on the size of the minimum detectable sample , 
The half-life 's  effect can be illustrated if we use C0 as the 
count rate of a sample immediately following· exposure to the neutron 
source, as observed. by the detection system. Thus : 
553 ,  E. Strain, loc. cit, 
where A0 is defined by Equation 3-1 and E is the overall counting 
efficiency. The branching ratio B describes the probability that 
the decaying radio-nuclide will decay by a mode observable by 
the detection system. The count rate at any time t is : 
c = C
0 
exp(-o. 693t/7) ( 3-3 ) 
and the total number of counts, N ,  observed between t1 and t2 C 
is obtained. by integrating : · 
N = C L 
C O ----...--
0 .693 
Equation 3-4 demonstrates the fact that the number of counts 
observed in a given time period is dependent on the half-life 
of the isotope . For an isotope to be detectable, N must be large 
C 
enough to cause the peaks to be sufficiently above the background 
to permit their identification . That is to say, the number of 
counts in the peaks must exceed the number of counts in the back­
ground by more than what would nor�ally be expected from statistical 
fluctuations. 
Assuming that a sample is activated to saturation , the 
minimum detectable number of target nuclei can be expressed in 
terms of the minimum N ,  and Equations 3-1, 3-2, and 3-4 
C 
73 
N -= Nc · (0 .693)/ f ei EB i  [ exp -(o.693t1/7 ) -exp-(0.693t2/7 � min . min . . . 
(3-5) 
Thus it can be seen by increasing any of the parameters in E'4uation 
3-5 the value N . will be reduced. min . 
In considering the elements for which an activation analysis 
technique might be successful, there are several things to be  kept 
in mind. Foremost among these is the limitation imposed by the 
available flux . The low available flux will greatly limit the · 
riumber of elements that can ·be used in comparison to similar work 
at othe� laboratories . 
With the flux limitation in mind, Equation 3-5 indicates that 
the most profitable elements to investigate will be those with 
large cross sections and long half-lives . There are practical 
limits on the length of the half-life . Clearly, if �he half-life 
is very long, the time required for satisfactory activation will 
1 take a correspondingly long time. Another feature of an element 
indicated by Equation 3-5, which will make it easier to detect, is 
a large branching ratio . 
In any analysis of any element, the minimum - .quantity of 
interest is d etermined by the application. Therefore, activation 
analysis is actually an applied science.- The application in 
large measure limits the areas of interest. For the purpose of 
this work, some thought must be given to the possible application 
when considering elements of possible interest. 
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Because much of the research performed at South� Dakota State 
University is oriented toward agriculture, one of the areas of 
possible application might well be in the field of soil physics. 
In particular , there is a great deal of interest in the· analysis of 
trace elements. other possibilities might lie in animal and plant 
:pathology. From discussions with people in the Soil Physics 
Department, it has been concluded that arsenic and sodium are two el­
ements of possible interest. 
_Sodium has only one stable isotope, Na
23 • Its activation cross 
24 . section is . 53 barns. Single neutron capture results in Na , 
24 
which has a half-life of 15 hours. The Na decays by beta minus 
24 
emission to Mg • The primary gamma rays emitted are 1 . 37 meV. 
and 2.7.54 meV. with better than 99% of the decays giving rise to 
both gammas • .56 
Arsenic also has only one stable isotope, As75• The activation 
cross section for arsenic is 4.3 barns. The As
76 that results 
76 from a single neutron capture decays to Se by beta decay. The 
hal:f-life of the As7
6 
is 26. 5 hours. The primary gamma ray is 
599. 3 keV. with less intense gammas at 75?. 4 ke�. and 1216.6 keV. 
Unfortunately, more than half of ·the beta decays go directly to the 
· 76 57 ground state of Se • 
.56c. M. Lederer, J. M. Hollander and I. Perlman, -2.E• cit. 165. 
57a .  M. Lederer, J. M. Hollander and I. Perlman, -2.E• cit. 211. 
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As prospects for ac_tivation analysis , sodium seems the less 
likely. First of all, it has a small neutron activation cross 
section. Secondly, it has high energy gamma rays for which the 
detection system is less efficient, Arsenic, however , does not 
have as good a bra_nching ratio as sodium. The effect of the 
branching ratio is small with respect to the cross section advantage 
and the efficiency difference , 
Preliminary Experimental Results 
To -assess the capabilities of activation analysis at South 
Dakota State University, several exploratory experiments were 
performed. The object of these experiments was to establish the 
necessary minimum intensity for the detection of a sample, The 
second purpose of the experiments was to provide enough in:formation 
to _make feasibility estimates, The last purpose requires estimates 
of the flux and the detector efficiency , 
The experiment was carried out using the Ge (Li) detector and 
Nuclear Data Analyzer as shown in Figure 1-4. The samples were 
placed immediately in front of the detector window , The detector 
was not shielded in any way to reduce the background, The 
samples were irradiated by placing them at the center of a cluster 
formed by the five neutron sources ,· In each case the . samples were 
irradiated for several half-lives , so the samples were effectively 
irradiated to saturation, 
The results for the various samples used may be found in Table 
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-'1 
J-1, rtie vaiues for Ef (efficiency time flux) found in table J-1 
vary over a considerable range, The variations , though large, are 
understandable in terms of the p:1rameters of the experiment. The 
largest cause of variation was probably introduced by the various 
geometries used for the irradiations of the samples. The flux 
which the sample experiences during irradiation is highly dependent 
on the geometry used in placing the five neutron sources around the 
sample. The flux variation· is large because of the relatively short 
range of thermal neutrons, other contributing factors in the 
variation of Ef include placement of the sample with respect 
78 
to the detector , sample packaging and variations in detector efficiency 
because of gamma ray energies. 
Despite the large variations in the values for the product of the 
flux times the efficiency , they can be helpful in judging what the 
minimum detectable sample size will be, A precise determination of 
minimum sample s ize cannot be made , even if the flux and the efficiency 
are known , This inability is in part due to the lack of information 
about the sample , namely interfering activities and self-absorption. 
In most cases , an experiment is the only practical method for deter­
mining minimum sample sizes. 
When the sample size is small, the resulting intensity is 
correspondingly low. An example of this can be seen in Figure 3-1 
for three samples of Mno2
• There arises the question of how 
great must the intensity be for the sample to be detectable. There 
is no absolute answer to this question. The answer depends on 
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which type error is more desirable. If it is necessary to have a 
high degree of confidence in the decision that there is a source 
present, the required intensity level should be set quite high . On 
the other hand, if the detection of small sources is more important 
than a high confidence level, the required intensity may be set 
somewhat lower . The lower the minimum intensity used, the more 
likely it is that a source will · be detected erroneously, 
80 
For a peak to be. recognized, the number of counts in the _peak must 
exceed the background by a significant amount. The problem of 
· recognizing a peak then may be regarded as a probl�m of recognizing 
significant deviations from the average background . One method for 
judging the significance of a variation is to compare it to the 
standard deviation for the average number of counts in the back­
ground . The number of standard deviations by which a suspected peak 
exceeds the background before it is considered a peak would depend 
in large measure on the design of the experiment . 
In most cases the standard deviation can be approximated by 
58 
the square root of the average number of counts .in the background. 
There is some question about how the average number of counts in the 
background should be determined , The number of channels to be 
included in the averaging and whether or not the suspected peak 
should be included in the average are questions that might best be 
58c .  w .  Tittle, Technical Bulletin No . ,  14, Nuclear-r.hicago, 
Chicago, Illinois, 1 964, 
decided for individual experiments. 
In general , the calibration of the analysis equipment is such 
that the FWHM of a peak will require more than one channel. If 
there are n channels in the peak , the test could be applied by 
requiring that the_ probability of the deviation by the n channels 
in the suspected peak be less than some fixed value. This in 
effect would put a test not only on the magnitude of the deviation 
but also on the energy range over which the deviation occurs . 
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CHAPrER IV 
Gd1
62 AND Yb
t ?B EXPERIMENTS 
When -considering the possible applications for gamma ray 
spectroscopy at South Dakota State University, o. Leisure discussed 
1 52 162 
three possible rare earth isotopes for study, Nd , Gd , and 
Yb
1 78 •
59 
The three isotopes we�e suggested because all three are 
two mass units heavier tha� the beaviest stable isotopes of the 
respective elements. Since the rare earths usually have very 
large neutron capture cross sections it may be possible to produce 
the isotopes of interest by double neutron capture . 
At the time of the suggestion , preliminary steps were taken in 
162 162 
the investigation of Gd • Since then the investigation of Cd 
has been continued and the investigation of To
1 78 has been initiated. 
The progress of these investigations is reported in this chapter. 
Gd
162 
Investigation 
In the preliminary work a 1 00 milligram sample of 94% enriched 
160 
Gd was irradiated for one day in the CP-5 r�ctor, at Argone 
National Laboratory, with a neutron flux of 7 X 1 01 3 neutrons/cm .2 
1 62 sec • •  The object of the irradiation was to obtain Gd by double 
neutron capture. The reaction and probable decay chains are shown 
. 590. Leisure , M .  s.  Thesis, South Dakota State University, 1966 . 
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below. 
1 60 161 ' 1 62 
Gd + n  > Gd + n  > Gd 
\
•7 min, 
\ 
190 days? 
B- B-
Tb
1 61 1 62 
Tb 
-
\
?
ays 
\ 7
,3 min. 
B-
D./
61 
Dy1 62 
· ' ,  1 62 
The hali-life of Gd has been reported. at 1 90 days and also as 
60 
greater than one year. Using the shorter half-life, and a very 
rough estimated. neutron capture cross section of 1 05 barns for 
. · 161 162 . 
Gd , it was calculated that the Gd activity resulting from the 
one day irradiation should be approximately 4.5 microcuries.61 
From the decay chains it is apparent that there should be 
several interfering activities. The activities resulting from the 
161 
decay of Gd are short-lived and should have decayed away by the 
162 · 162 time of this analysis. The Tb resulting from the decay of Gd 
· 
is also short-lived and within a few hours of activation should 
162 hav� the same intensity as the Gd • 
162 Observing the decay of Tb would indicate the presence of 
Gd
1 62
, because Tb
1 62 is the active daughter of Gd1 62 , The decay 
60K .  T. Faler and J . M. Hollander, University of California 
Radiation laboratory 371 0, Dec. 1956-Feb. 1 957. 
61 o. Leisure, loc. cit • •  
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scheme for Tb
1 62
, produced by means of an (n , p) reaction with 
1 62 62 1 62 
Dy , has been established. In Table 4-1 the Tb gamma ray 
energies are listed along with their relative intensities . 
The spectrum resulting from the activated. Gd
1 60 
is shown in 
Figure 4-1 , Table 4-2 lists the energies of the major peaks along 
with the isotopes to which they are attributed . The principal compo­
nents of the sample ' s  activity have been shown to be Gd.
1 53
, Eu
1 52, 
. 154 1 62 
and Eu , and not Gd . • 
· Since · gadolinium is atomic number sixty-four and europium is 
atomic number sixty-three , it is probable that there would be 
trace quantities of all the stable isotopes of both gadolinium 
160 
and europium present in the Gd sample , The stable isotopes , 
Gd
1 52 , Eu
1 51 
and Eu
1 53 , have very large neutron capture cross 
sections of 1 80 , 7000, and 320 barns respectively . Radioactive 
products resulting from single neutron capture by these three 
isotopes have long half-lives , 242 days for ca.1 53 , 1 2  years for 
Eu
1 52 , and 16 years for Eu
1 54 • fhe large neutron capture .cross 
sections and the long half-lives of the active isotopes explain 
1 53 1 52 154 · . 
the presence of the Gd , Eu and Eu , three and a half years 
after activation , The identification of the activity contained in 
the sample was not possible until the spectrum was analyzed by the 
high resolution Ge(Li) detector , Despite the low level of activity 
62Frans Schima , Physical Review ,  vol. 1 51, 950 (1966 ). 
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Table 4-1 
GAMMA RAY REJ_ATIVE TRANSITIONS 
ENERGY INTENSITY PER 1 or 6�ECA YS 
(keV) Tb 
81 .0  1 1% 65 
184. 5  27% t 6 
, 259 . 2 100% 72 
805 . 2 68% 45 
881 . 5 21% 1 5  
�87 . 5  49% 35 
· Table 4-1 .  Listing of gamma ray transitions for Tb
1 62
, from , 
F .  J .  Schima Phys . Rev . vol , 1 51 (1 966 ) . 
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16o 
Gamma ray spectrum of the neutron activated. Gd sample taken March 24, 1969 
using a 15.thium drifted detector and 2 keV per channel. 
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GAMMA RAY 
ENERGY 
(keV ) 
41 
97 
. . 
103 
122 
. .  
245 
296 
� 
Y-14 
367 
411 
444 
724 
779 
a X-ray. 
Table 4-2 
ASSIGNED TO GAMMA RAY 
ISOI'OPE ENERGY ENERGY 
(keV ) (keV) 
Eu152 40 . 1  
a 
869 
Gd.153 a 41.5  876 
Eu154 4,. o
a 
965 
Gd.153 97 ,4 997 
Gd.
153 
103. 2  1005 
Eu
152 
121 . 8  
Eu 
1.54 
123 1087 
Eu152 244,7 1113  
Eu 
152 
296 1175  
Eu 
152 
344.4  1214 
152 
Eu 367 1278 
Eu152 411 .2  1298 
Eu1 52 444. 2 1332 
1.54 
724 Eu 1408 
Eu 15
2 
779 
ASSIGNED TO 
ISaI'OPE ENERGY 
(keV ) 
Eu1 5
2 
869 
Eu
154 
876 
Eu1 52 965 
Eu
1 .54 
998 
Eu152 1006 
Eu
t .54 
1008 
Eu 
1 52 
1087 
Eu
152 
1 1 13 
60 
Co 1174 .6  
Eu
1 52 
121 3 
Eu1 54 1277 
Eu152 1298 
60 
Co 1332. 5 
Eu 
152 
1408 
Table 4-2. List of peaks in gamma ray spectrum of activated Gd
160 
sample and isotope to which they are att�ibuted, 
87 
all the major peaks and most of the minor peaks of the three 
isotopes are observable . 
162 
The absence of identifiable Tb peaks and the identification 
of all the discernible peaks establishes that there is no detect-
162 
able quantity of Gd present in the sample. Before it can be 
162 
concluded that the prediction of the Gd activity is in error , it 
must be established that the predicted activity would be ·observable 
in the presence of existing contamination. To establish this , the 
following ·argument is presented. 
With the 1 90 day value for the half-life of ca.1 62, the initial 
intensity of the source would be approximately 4. 5 microcuries. 
88 
At the time the spectrum was taken for this analysis, the activity 
should have dropped to approximately 0.039 microcuries. If the alter­
nate value suggested for the half-life is used , the ·expected initial 
intensity is somewhat smaller , approximately 2.4 microcuries. At 
the time of the analysis however , the intensity would be considerably 
greater , 0.26 microcuries . 
With a ten microcurie source of Eu1 5
2
· and Eu
1 54 for a compar­
ison, it was found that the activated gadolinium sample has an activity 
of approximately 0. 5 microcuries. Since the activity is mainly due 
to three components , Gd.
1 53
, Eu
1 52 , and Eu
154
, a reasonable estimate 
1 52 
t . d . th of the activity of the Eu con aine in e sample is on the 
order of 0.2 to 0.3 microcuries.· 
The strongest gamma ray peak resulting from the decay of Tb
1 62 
. .  
is the 259 keV peak. The decay scheme shows that 72% o; the Tb1 62 
decays should give rise to the 259 keV gamma ray. Based on the 
162 
minimum prediction for Gd · activity , there should be about a 
.thousand decays per second that result in gamma rays at 259 keV. 
In the spectrum resulting from the irradiated sample of 
Ga.1 6-0 
there is no discernable peak at 2 59 keV. The peak nearest the 
259 keV ·peak is the 245 keV peak. of 
Eu1 52 • The 245 keV peak 
152 
results from only 10% of the Eu decays. Based on the estimated 
1 52 
activity of the Eu , there should be on the order of a thousand 
decays per second that give rise to gamma rays at 245 keV. 
. 
162 
If t.he Gd were present in the quantities predicted., there 
should be a 259 keV peak of nearly the same magnitude as the 245 
k·ev peak in Figure 4-1. The 296 keV peak which results from less 
than ½% of the Eu
1 52 decays is detectable. From thia argument it 
162 
may be concluded that the predicted Gd activity is in error by 
more than a factor of twenty. 
162 
The failure to observe the decay of Gd , or its active 
162 
daughter Tb , could result from one of two causes. One cause 
b th t th t t t . f Gd 
161 . 
may e a e neu ron cap ure cross sec ion o _ is  not as 
large as was assumed. This is quite possible because the value 
used is based only on the cross sections of similar isotopes and some 
crude experimental evidence.
63 The other possible reason for 
63 
K. T. Faler and J. M. Hollander, loc. cit • • 
89 
. 
1 62 
the failure to observe Gd could be that the half-life may be 
much shorter than the published data indicates . Quite possibly 
.· 1 62 
both causes have contributed to the failure to observe Gd • 
The results of the present investigation do not support the 
64 
findings of Faler and Hollander . In their investigation, which 
162 
is the basis for the published data on Gd listed in the C�art 
65 66 . 
of the Nuclides and Table of Isotopes , they employed a Na(Tl) I 
detector. After activating ·their sample in the same way as the 
one used for this investigation, a chemical separation was performed 
to remove the terbium . It is unlikely that such a sep:tration would 
remove all trace isotopes from the sample . 
90 
Following the activation and subsequent separation, the half­
life was found to be 1 90 days, but later analysis found the half-life 
to be on the order of several years . Faler and Hollander assumed that 
1 62 
the observed gamma rays were due in part to Tb , but none of the 
energies they observed agree with values that have since been 
1 62 
established for Tb • Due to the uncertainty of the half-life 
and the gamma ray energies reported by Faler and Hollander, it 
appears that their sample was comprised :primarily of a combination 
64
Ibid . 
65chart' of the Nuclides, Knolls Atomic laboratory, distributed 
by General Electric Co., Schenectady, New York, 9th edition, Revised 
to July, 1 969 . 
66 
c. M .  Lederer, J . M . Hollander and I. Perlman, .2.E• cj,t . p .  90. 
of short-lived and long-lived impurities , Because of the lack of 
consistent data and our failure to confirm their findings, it 
must be concluded that the work of Faler and Hollander is in 
error , 
Although the approach taken in this work failed to  prc:xluce 
162 1 62 
an observable quantity of Gd , it does not imply that Gd 
can not be produced , It would be incorrect even to conclude that 
ca.162 can not be produced by double neutron capture , Apparently 
. 162 
· the 'Gd ·is . not as easily produced or as long-lived as had been 
· imagined previously. Future experiments will have to  be designed 
to meet the problems of a probable short half-life and low 
production , 
178 
Yb Investigation 
178 
In the investigation of Yb an approach similar to one used 
1 62 
in the investigation of Gd was employed. It was hoped that 
1 76 1?8 
double neutron capture by Yb would produce a quantity of Yb 
suitable for study, The procedure was to irradiate a 1 00 milli-
176 
gram sample of 96% enriched Yb for ten days. · The irradiation 
was performed in the reactor at Ames Laboratory, Iowa State 
University, using a thermal flux of approximately ? X 10
1 3 
2 
neutrons/cm , sec , 
Shown below is the reaction
.
that would hopefully produce the 
Yb1 7
8 
by neutron capture. Also shown are the expected decay changes. 
91 
1 76 · 1 77 
...., Yb Yb + n ---�-;;, 
Lu
1 77 
\ 7 �ays 
V 
.!-!ft 
77 
➔ 
178 
Yb 
Lu
1 78 
\ 20 min 
i B
-
Hf
178 
92 
' 162 
As in the case of Gd there are several interfering activities , 
. The ·Yb
t 77 whi.ch results from single neutron capture will rapidly 
177 177 
. 
1 77 decay t·o Lu • Because Lu has a seven day half-life and Yb 
has a high production probability, Lu
1 77 will be the dominant 
activity for several weeks after activation , The Lu1 77 activity 
1 78 will have to decay away before Yb will be observable . The 
1 78 1 77 . 1: 78 Yb must also be longer-lived than the Lu 1.f Yb is to be 
observed. 
The Lu
1 78, which is expected to result from the decay of To
1 78, 
may be used to detect the presence of To
1 78
• Lu1 7
8 
is known to have 
a half-life of 20 minutes ; therefore, it should be in _equilibrium 
1 78 - 178 with the decaying Yb • The decay scheme for Yb has been 
established and the energies of the expected gamma rays are listed 
67 
in Table 4-3. 
176 The irradiation of Yb was completed on the 29th of April, 
67H. Bakhru and s. K. Mukherjee, Nuclear Physics, vol. 55 ,  161, 
(1964). 
Table 4-3 
GAMMA RAY . 
ENERGY 
(keV ) 
93. 2 
21 5 
325 
425 
RELATIVE 
INTENSITY 
100% 
100% 
1 00% 
100% 
. 
1 78 
Table 4-3 . Listing of Lu gamma ray transitions relative inten-
sity, from C. M. Lederer, J . M.  Hollander, and I. 
Perlman, Table of Isotopes. 
93 
1968. A gamma ray spectrum taken in mid-July indicated the presence 
f L
.
. i 
77 
d Ybi 69 Wh th t t k i S pt b o u an • en e gamma spec rum was a en n e em er, 
all traces of the seven day half-life of Lu
1 77 had disappeared. 
The dominant activity in September was To
1 69, which has a 32 day half­
life. In a spectrum taken in April of this year, approximately a 
year after activation, To
1 69 was still observable but Lu
1 77, with 
a 1 55 day half-life, was becoming the dominant activity.· The 
1 55 day half-life of _Lu
1 77 · is �educed by Lu
1 76 undergoing single 
68 169 
·neutron capture. · The Yb is produced from single neutron 
1 68 1 68 176 captur� by Yb • Both Yb and Lu are probable trace impurities 
176 in the Yb sample. They have extremely large neutron capture 
1 68 176 
cross sections, 11, 000 barns for Yb and 2,100 barns for Lu • 
Because of the high cross section and the long half-lives, it is not 
surprising that these isotopes have been activated. 
The spectrum taken in April is displayed in Figure 4-2. The peaks 
are listed in Table 4-4 along with the isotopes to  which they are 
assigned. 
In all of the spectra that have been analyzed, there has been 
no evidence of Lu
1 78 
or any activity that would · result from the 
decay of To
1 7 8 • All the observed. activity of the activated Yb
1 76 
sample has been identified as the result of single neutron capture 
by To
1 76 or trace impurities in the sample. 
68 177 1 76 . Lu formed by Lu undergoing single r?�tron capture has 
an isomeric levet7,
ith a 155 day half-life. Lu resulting from 
beta decay of Yb has a 7 day half-life. Tht?�amma ray spectra 
can be used to distinguish the two forms of Lu • 
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GAMMA RAY 
ENERGY 
{keV) 
51 
57 . 5  
64 
85 
94 
1.07 
110 . 5 
122 
130 
148 
1 54 
177 . 5  
1 98 
208 
• 228 . 5 
234 
244 
249 
a X-ray. 
Table 4-4 
ASSIGNED TO GAMMA RAY 
ISOTOPE ENERGY ENERGY 
(keV ) (keV ) 
Yb 
1 69 
50. 7  
a 
261 
177 a 
Lu 55 . 8 269 
Yb 
1 69 
63 . 1 282 
b 
297 
Yb
169 
93 . 6  307 . 5  
b 
119  
Yb 
169 
1 09 . 8  328 
Lu
177 
1 21 . 6  344 
Yb 
1 69 
130 .  '5 167 
Lu 
177 
147 . 1  379 
Lu 
177 
1 53 . 3  385 
169 
Yb 1?7. 2  41 '3 
Yb
1 69
. 
1 98 41 8 
Lu 
177 
208 .4 444 
Lu 
177 228. 5  46? 
Lu 
177 233. 8 511 
b 564 
Lu
1 77 249 .? 
ASSIGNED TO 
ISOI'OPE ENERGY 
(keV)  
Yb
1 69 
261 
Lu
177 268 .4  
Lu
177 281 . 8  
Lu
1 77 296 . 1 
Yb 
1 69 
307 . 7 
Lu 
1 77 
11 8 . 8  
Lu
1 77 
327 .7 
b 
Lu 
1 77 
167 . 1 
Lu 
1 77 
378 .4 
Lu
1 77 
385 
Lu 
1 77 
41 1 . 7 
Lu 
177 
41 8 . 6  
b 
177 
466 · Lu 
b 
b 
b . 1 52 
The source of the activity is believed to be primarily Eu 
contained in the samp117golder . A similar empty sample holder 
irradiated with the Yb sample displays the same activity .  
Table 4-4 . List of peaks in gamma ray spectrum of activated Yb1 76 
�a.mn1 e and i�otone· to which thev arA a+.+.,..-\ h, ,+ on 
96 
Therefore , it must be concluded that either the quantity of 
178 
Yb produced by this method is too small to be observed or that 
162 
� �  , half-life is too short to be observed.. As in the case 
178 
further experiments to produce and identify Yb will have to be 
designed. to overcome the problems of possible short half-life and 
low prod.uction o 
its 
98 
CONCLUSIONS 
The gamma ray spectroscopy equipment recently acquired by the 
Physics Department has been shown to meet the manufacturer ' s  spec­
ifications for all cases in which adequate testing could be performed, 
In areas that could not be adequately tested there is no evidence 
that would cause suspicion of substandard operation. During the 
testing, two components were found to be operating outside of their 
•spe�ified . tolerances . In both cases the items were returned to the 
manufacturer for repair and have subsequently operated properly. 
The initial activation analysis experiments provide a starting 
point for future work. Knowledge of what may be expected in terms 
of available neutron flux and effective detector effi ciency will 
permit estimates of the size of minimum detectable samples. Much 
remains to be done if activation analysis is to become an applied 
- technology on this campus, In particular, estimates of minimum 
detectable sample size should be compared to what would be required 
in practical analytical work, If activation is going to be attempted 
on a regular basis some thought should be given _ to providing a 
means for fixing the geometry of the neutron sources so as to obtain 
maximum flux and standardize conditions for irradiation. 
162 
The work on Gd has shown the published data to be in error . 
Future work will have to take a more sophisticated approach . If Gd
1 62 
is to be produced by double neutron capture the most effective means 
162 
for identifying the activity of Gd would be to employ an on-l ine 
99 
isotope separator. On-line separators are in use at some reactors, 
but there is a great demand for time on such machines. The scarcity of 
available time and the high cost of time may inhibit this approach. 
An alternate approach which has been suggested involves the use 
of two activated Gd.1
60 
samples. One sample would be activated for 
a short time at the highest possible flux. The second sample would 
be exposed to a lower flux for a- longer period of time. The activities 
resulting from double _neutron capture should be proportional to the 
s·quare of the fluxes used. However, the activities resulting from 
single neutron capture should be fairly similar for the two samples, 
By subtracting the spectrum of the lower flux sample from the 
spectrum of the higher flux sample it is hoped that low intensity 
activity resulting from the double neutron capture will be revealed . 
This procedure is not as powerful as on-line isotope ceP3,ration but 
does offer simplicity. 
1 78 
. 
1 62 
The situation with Yb is quite analogous to that of Gd • It 
seems likely that if a successfui experimental procedure is found 
for 
ca.1 62
, the procedure would also be successful when applied to 
Yb1 ?8 • 
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